INTRODUCTION / Uvod
Several authors investigated complete land-based steam power plants and among other things presented results of their exergy analysis [1, 2] . In such exergy analysis, pressure reduction valves usually were not investigated in detail [3] or at all. As their name says, the main function of pressure reduction valves is reducing pressure of operating medium which flows through the valve (in the most of cases that operating medium is superheated steam). On that way in the system was maintained desired operating medium parameters [4] .
The most important rule for pressure reduction valve operation is that before and after valve specific enthalpy of operating medium remains constant [5, 6] while pressure decreases to desired values. If the operating medium is superheated steam, along with pressure decrease, there occurs also decrease in the steam temperature and increase in steam specific entropy through the pressure reduction valve [7] . Pressure reduction valves rarely appear in land-based steam power plants in comparison with marine steam power plants. On any ship, during its construction, one of the main goals is to reduce masses of all the constituent components. In order to remain the walls of every component from the steam propulsion plant as thick as possible (and thus reduce their mass), pressure reduction valves are necessary to reduce operating media pressure, but with specific enthalpy preservation. In comparison with land-based steam power plants which usually have one or two pressure reduction valves [5] , marine steam propulsion plants have at least ten of them or more [8] .
In scientific and professional literature can rarely be found detail analysis of any valves. If some of them were found, mostly it is investigations of control valves for steam turbines [9, 10] , in some cases along with its actuation systems [11] . Detailed analysis of steam pressure reduction valves is rare, especially for various steam system loads [12] .
In this paper it has been analyzed steam pressure reduction valve, through a wide range of steam system loads. For any load there has been presented a decrease in steam temperature and pressure on the analyzed valve. Performed exergy analysis showed exergy power inputs and outputs, as well as exergy destruction (exergy power losses) and exergy efficiency of pressure reduction valve in each observed system load. The exergy destruction and exergy efficiency of any steam system component are influenced by the ambient temperature. For the analyzed valve, it is presented change in exergy destruction and exergy efficiency in the complete range of expected ambient temperatures for every observed load.
PRESSURE REDUCTION VALVE POSITION AND ELEMENTS / Pozicija redukcijskog ventila pare i elementi redukcijskog ventila
Analyzed pressure reduction valve is one of many pressure reduction valves in LNG carrier steam propulsion plant. Main characteristics of the LNG carrier, on which the analyzed pressure reduction valve is mounted, are presented in Table 1 : The position of the analyzed pressure reduction valve in steam system is near the steam generator second outlet, Fig. 1 . The first steam generator outlet is used for delivering superheated steam to the turbo-generators and main propulsion turbine, while the second outlet is used for other steam plant components. The basic task of the analyzed pressure reduction valve is to reduce superheated steam pressure of approximately 6.13 MPa to 1.08 MPa and deliver steam with lower pressure to fuel heaters and for ship service needs.
Steam pressure reduction valve intersection, along with all main components can be seen in Fig. 2 . Newer type of pressure reduction valve has two valves (main and auxiliary) for pressure pulsation compensation and for ensuring accurate outlet pressure. Turning the pressure adjusting stud on the one side (usually clockwise) increases the outlet pressure while turning the pressure adjusting stud on the other side (usually counterclockwise) decreases the outlet pressure. 
Exergy analysis is based on the second law of thermodynamics [15] . The main exergy balance equation for a standard volume in steady state is [16, 17] : (2) where the net exergy transfer by heat ( heat X  ) at the temperature T is equal to [18] :
Specific exergy was defined according to [19] by an equation:
The total exergy of a flow (exergy power) can be calculated according to [20, 21] :
Exergy efficiency is also called second law efficiency or effectiveness [22] . It is usually defined as: (6) 
Exergy analysis of steam pressure reduction valve / Eksergijska analiza redukcijskog ventila tlaka pare
For the analyzed pressure reduction valve, all necessary operating points were presented in Fig. 3 . The required specific enthalpies and specific entropies were calculated from measured steam pressures and temperatures by using NIST REFPROP software [23] .
Steam pressure reduction valves are not interesting from the viewpoint of energy, because without any mass flow leakage and with constant specific enthalpy at valve inlet and outlet, steam pressure reduction valves have energy efficiency of 100 %. Change in steam temperature and pressure through the valve resulted with change in steam specific entropy, which has significant impact on specific exergy and exergy power, as presented in the above equations (4) and (5) . Change in steam specific entropy finally has an impact on pressure reduction valve exergy efficiency, equation (6), which is surely not equal to 100 % as energy efficiency. 
-Exergy efficiency:
The ambient state in the LNG carrier engine room during the measurements was:
-pressure:
T 0 = 25 °C = 298.15 K.
PRESSURE REDUCTION VALVE STREAM FLOWS -MEASURING EQUIPMENT AND MEASUREMENT RESULTS / Struje radnog medija redukcijskog ventila-mjerna oprema i rezultati mjerenja
Measurement results of required operating parameters (pressures, temperatures and mass flows) for each pressure reduction valve steam stream are presented in Table 2 in relation to the main propulsion propeller speed. Main propulsion propeller speed is directly proportional to steam system load. Measurement results were obtained by using the existing measuring equipment mounted before and after analyzed pressure reduction valve, Fig 3. list of used measuring equipment is presented in Table 3 .
THE RESULTS OF PRESSURE REDUCTION VALVE EXERGY ANALYSIS AND DISCUSSION / Rezultati eksergijske analize redukcijskoga ventila tlaka i diskusija
Steam pressure decrease at the analyzed pressure reduction valve, for each of the observed propulsion propeller speeds is presented in Fig. 4 . As the steam pressure at the pressure reduction valve outlet is approximately equal to 1.08 MPa (Table 2) , steam pressure decrease at the pressure reduction valve is the most influenced by pressure at the reduction valve inlet. So, for higher inlet pressures, pressure decrease will be higher and vice versa. For the whole range of observed propulsion propeller speeds, pressure decrease on the analyzed pressure reduction valve is the lowest at propulsion propeller speed of 79.46 rpm and amounts 4.846 MPa. The highest pressure decrease is obtained at propulsion propeller speed of 41.78 rpm and amounts 5.027 MPa. The average pressure decrease on the analyzed pressure reduction valve, for all the observed propulsion propeller speeds, amounts 4.942 MPa. Temperature decrease on the analyzed pressure reduction valve is reverse proportional to steam temperature at the valve outlet. Higher valve steam outlet temperature resulted with lower temperature decrease and lower valve steam outlet temperature resulted with higher temperature decrease. In the whole observed valve operating range the lowest steam outlet temperature occurs during the steam system startup (201 °C -0.00 rpm) and the highest steam outlet temperature occurs at 25.58 rpm and amounts 244 °C, what can be seen from Table 2 .
Steam pressure reduction valve has identical trends for exergy power input and output, Fig. 6 . From one observed operating point to the other, exergy power input and output faithfully follow one another in increase or decrease from the lowest to the highest observed propulsion propeller speeds.
Pressure reduction valve exergy power input has the lowest value of 620.80 kW at the 0.00 rpm while the highest value of exergy power input amounts 924.56 kW at the 25.58 rpm. During the whole observed steam system loads, the average value of analyzed pressure reduction valve exergy power input amounts 816.55 kW.
The exergy power output has the lowest value of 499.07 kW at the 0.00 rpm while the highest value of exergy power output is equal to 743.92 kW at the 25.58 rpm. For the whole observed propulsion propeller speeds, the average value of analyzed pressure reduction valve exergy power output amounts 656.46 kW.
The change in both exergy power input and output for the analyzed steam pressure reduction valve is the most influenced by steam mass flow (which is equal at the valve inlet and outlet because there was no observed leakage through the valve). Increase in steam mass flow through the valve resulted in an increase in the exergy power input and output, while a decrease in steam mass flow through the valve resulted with a decrease in the exergy power input and output.
Exergy destruction for the analyzed steam pressure reduction valve has the same trend as exergy power input and output, for all observed propulsion propeller speeds. Therefore, valve exergy destruction is also the most influenced by steam mass flow. The lowest and the highest valve exergy destruction were observed at the propulsion propeller speeds of 0.00 rpm and 25.58 rpm, similar to the exergy power input and output. At 0.00 rpm pressure reduction valve exergy destruction is the lowest and amounts 121.72 kW, while at 25.58 rpm exergy destruction is the highest and amounts 180.64 kW. The average value of valve exergy destruction, across the whole observed steam system loads amounts 160.09 kW, Fig. 7 . Exergy destruction of the analyzed steam pressure reduction valve is caused by an increase in steam specific entropy at the valve outlet during the pressure reduction. Increase in outlet steam specific entropy causes decrease in outlet specific exergy, equation (4), what causes that exergy destruction is sensibly higher than zero, equation (10) . Pressure reduction valve exergy efficiency was calculated according to equation (11) . In the whole range of observed propulsion propeller speeds, analyzed pressure reduction valve exergy efficiency amounts around 80 %, Fig. 7 . From the viewpoint of exergy this fact means that approximately 20 % of available exergy was lost on the pressure reduction valve in the observed operating range. The highest pressure reduction valve exergy efficiency amounts 80.54 % and was obtained at propulsion propeller speed of 61.45 rpm, while the lowest valve exergy efficiency amounts 80.28 % and was obtained at 71.03 rpm.
Losses during the pressure and temperature reduction on pressure reduction valve can be observed only from the viewpoint of exergy, which gives a realistic image of valve losses and efficiency. The energy analysis of this valve would not give any data of its losses, nor would be achieved valve realistic efficiencies.
In the energy and exergy analysis of land-based steam power plants, some authors investigate the influence of the ambient temperature change on exergy destruction and exergy efficiency for a large number of plant components [28, 29] . They concluded that the ambient temperature change has a low impact on exergy efficiency and exergy destruction change for the most of the analyzed components. In general, exergy destruction for the most of analyzed steam plant component increases and exergy efficiency decreases during the increase in the ambient temperature. It will be interesting to examine does the same conclusion is also valid for the analyzed pressure reduction valve.
Change in exergy destruction for the analyzed pressure reduction valve during the change in ambient temperature is presented in Fig. 8 . As for the most other steam system components, exergy destruction of pressure reduction valve increases during the increase in the ambient temperature, for each observed propulsion propeller speed. Ambient temperature in this analysis was varied from 10 °C to 40 °C (in steps of 10 °C) what is an expected range of engine room temperatures.
At all of the observed propulsion propeller speeds, the lowest pressure reduction valve exergy destruction was obtained for the ambient temperature of 10 °C and it amounts from the lowest value of 115.61 kW (0.00 rpm) up to the highest value of 171.51 kW (25.58 rpm).
The highest pressure reduction valve exergy destruction was obtained for the ambient temperature of 40 °C and it amounts from the lowest value of 127.87 kW (0.00 rpm) up to the highest value of 189.79 kW (25.58 rpm).
The average value of pressure reduction valve exergy destruction, during the whole observed propulsion propeller speeds was 152.03 kW for the ambient temperature of 10 °C, 157.40 kW for the ambient temperature of 20 °C, 162.78 kW for the ambient temperature of 30 °C and 168.14 kW for the ambient temperature of 40 °C.
The change in exergy destruction for any steam plant component, during the change in the ambient temperature, must be reverse proportional to component exergy efficiency. So, the increase in exergy destruction, during the increase in the ambient temperature, leads to decrease in exergy efficiency of the analyzed steam pressure reduction valve. For the most of steam plant components [29] , change in the ambient The ambient temperature increase in steps of 10 °C causes decrease of steam pressure reduction valve exergy efficiency for about 1.7 % in average. It should be noted that the decrease in the valve exergy efficiency during the ambient temperature increase has a higher values for the higher ambient temperatures.
During the ambient temperature change, exergy destruction and exergy efficiency of the analyzed steam pressure reduction valve has trend similar to the most other components in steam plants. However, decrease in valve exergy efficiency during the increase in the ambient temperature for 10 °C, is higher in comparison to most other steam plant components, regardless of steam plant type.
CONCLUSION / Zaključak
This paper has presented exergy analysis of steam pressure reduction valve which is an unavoidable element in the steam propulsion plant on LNG carrier. Pressure reduction valves rarely appear in land-based steam power plants because in that plants, unlike marine steam plants, is not a goal to reduce masses of all the constituent components.
Analyzed pressure reduction valve was investigated in a wide range of steam system loads. From the viewpoint of energy, specific enthalpy of operating fluid remains the same before and after pressure reduction valve and if there is no leakage, the energy efficiency of pressure reduction valve will be 100 %. So, only the exergy analysis can present correct valve efficiencies and power losses (destruction).
Operating fluid of the analyzed pressure reduction valve is superheated steam, therefore along with pressure decrease, through the valve also occur decrease in the steam temperature and increase in steam specific entropy.
Pressure decrease on the analyzed valve ranges from the lowest value of 4.846 MPa up to the highest value of 5.027 MPa. For observed valve pressure decrease range, the temperature decrease amounts from 68.5 °C up to 83.5 °C. The average steam temperature decrease for the whole observed valve operating range was 74.8 °C.
Exergy analysis of pressure reduction valve was firstly obtained for the ambient temperature of 25 °C, which was recorded in ship engine room during measurements. For the observed steam system loads, valve exergy destruction at the ambient temperature of 25 °C ranges from 121.72 kW up to 180.64 kW, while valve exergy efficiency amounts from 80.28 % up to 80.54 %.
Variation in the ambient temperature, for the expected engine room temperature range, showed that the exergy destruction of the steam pressure reduction valve increases during the increase in ambient temperature. The lowest average value of valve exergy destruction is obtained at the ambient temperature of 10 °C and amounts 152.03 kW, while the highest average valve exergy destruction is obtained at the ambient temperature of 40 °C and amounts 168.14 kW.
As opposed to valve exergy destruction, exergy efficiency decreases during the increase in the ambient temperature. For the analyzed pressure reduction valve, the highest exergy efficiency was obtained at the lowest ambient temperature of 10 °C and amounts 82.77 % in average, while the lowest exergy efficiency was obtained at the highest ambient temperature of 40 °C and amounts 77.67 % in average. Analyzed steam pressure reduction valve exergy efficiency change, during the variation in the ambient temperature, is higher in comparison to the most other steam plant components. 
